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Summary
Background:When chromatin diminution occurs during a cell
division a portion of the chromatin is eliminated, resulting in
daughter cells with a smaller amount of genetic material. In
the parasitic roundworms Ascaris and Parascaris, chromatin
diminution creates a genetic difference between the soma
and the germline. However, the function of chromatin diminu-
tion remains a mystery, because the vast majority of the
eliminated DNA is noncoding. Within the parasitic roundworm
genus Strongyloides, S. stercoralis (in man) and S. ratti (in rat)
employ XX/XO sex determination, but the situation in
S. papillosus (in sheep) is different but controversial.
Results: We demonstrate genetically that S. papillosus
employs sex-specific chromatin diminution to eliminate an
internal portion of one of the two homologs of one chromo-
some pair in males. Contrary to ascarids, the eliminated DNA
in S. papillosus contains a large number of genes. We demon-
strate that the region undergoing diminution is homologous to
the X chromosome of the closely related S. ratti. The flanking
regions, which are not diminished, are homologous to the
S. ratti autosome number I. Furthermore, we found that
the diminished chromosome is not incorporated into sperm,
resulting in a male-specific transmission ratio distortion.
Conclusions: Our data indicate that on the evolutionary path
to S. papillosus, the X chromosome fused with an autosome.
Chromatin diminution serves to functionally restore an XX/
XO sex-determining system. A consequence of the fusion
and the process that copes with it is a transmission ratio
distortion in males for certain loci.
Introduction
Normally, a mitotic cell division results in two genetically
identical daughter cells that are also genetically identical to
their mother. A sophisticated mechanism ensures the equal
distribution of the chromatin, which is the carrier of the genetic
information. However, rare cases exist where a portion of the
chromatin is purposefully eliminated. When this occurs, the
resulting daughter cells contain less geneticmaterial than their
mother. Loss of genetic material can occur either through the
loss of entire chromosomes (chromosome elimination), as in
the dipteran fly Sciara coprophila [1], or through the elimina-
tion of portions of chromosomes (chromatin diminution), as*Correspondence: adrian.streit@tuebingen.mpg.de
3These authors contributed equally to this work
4Present address: Max Planck Institute of Molecular Cell Biology and
Genetics, Pfotenhauerstrasse 108, D-01307 Dresden, Germanyin macronucleus formation in ciliates [2]. We follow the
suggestion of [3] and use the term ‘‘chromatin diminution’’
only for the elimination of portions of chromosomes and not
for the loss of entire chromosomes. In metazoans, chromatin
diminution, although rare, has been found in several phyla
[3–6]. Chromatin diminution has been best studied in the para-
sitic nematode genera Ascaris and Parascaris [6]. In these
cases, portions of chromosomes are eliminated from the
presomatic cells during the embryonic cleavage divisions,
resulting in an organism in which the somatic cells have less
chromatin but more chromosomes than the germ cells [6].
Only very few examples are known in which genes are elimi-
nated, and the vast majority of the eliminatedmaterial appears
to be noncoding [3, 6, 7].
Most animal species consist of individuals of different sexes
but the mechanisms that determine sex are diverse [8, 9].
Although in many animals sex is determined genetically
(genetic sex determination, GSD), in others sexual differentia-
tion depends on environmental inputs (environmental sex
determination, ESD). Evolutionary transitions between GSD
and ESD appear to be relatively frequent, at least in some
taxa [10]. Within the phylum Nematoda, multiple genetic and
environmental sex-determining systems exist [11]. This author
speculates that an XX/XO GSD (females have two, males only
one X chromosome along with two sets of autosomes), as it is
best characterized in C. elegans [12], represents the ancestral
state for nematodes. However, if this is indeed the case, there
is reason to believe that the XX/XO sex-determining system in
the last common ancestor of all contemporary nematodes
must have been derived from an earlier XX/XY system [13].
The nematode genus Strongyloides [14] consists of small
intestinal parasites of various vertebrates [15, 16]. Strongy-
loides infections are very common, for example in domestic
ruminants [17–19], wild rats [20], and man [21–23]. Although
these infections often proceed without clinical symptoms,
they can cause disease and even death [23–28]. The life cycle
of Strongyloides spp. (Figure 1A) has been reviewed and dis-
cussed in detail recently [14, 29]. In brief (this applies to S. ratti
and S. papillosus), female parasitic worms live in the small
intestines of their respective hosts and produce female and
male progeny by mitotic parthenogenesis (this means that
the progeny are genetically identical to their mother). The
young females can undergo either one of two fundamentally
different life cycles. (1) They can develop into infective third-
stage larvae (L3i) that infect a new host (homogonic or direct
development). (2) Together with the males, they can form
a free-living generation (heterogonic or indirect development)
that reproduces sexually. The entire progeny produced by
the free-living adults consists of females that develop into
L3i. The presence of a free-living generation in Strongyloides
spp. and its sister taxon Parastrongyloides spp. offers quite
unique opportunities for experimental manipulation of a
metazoan parasite [30–34].
All species of Strongyloides investigated thus far show a
form of ESD in which an increasing immune response of the
host against the parasite leads to the production of more
males by the parasitic females [29]. Nevertheless, in some
species, for example S. ratti and S. stercoralis (a parasite of
Figure 1. The Life Cycle, Phylogenetic Relationship, and
Chromosomes in Strongyloides spp
(A) Life cycle of S. papillosus. For explanation, see text.
In S. ratti, most L1s derived from parasitic mothers hatch
within the host. Other than that, this schematic represen-
tation of the life cycle also applies to S. ratti.
(B) Phylogenetic relationship of S. papillosus, S. ratti,
S. stercoralis, and Parastrongyloides trichosuri accord-
ing to [42].
(C) Chromosomal configurations described in the litera-
ture. Black, autosomes or regions derived from ancestral
autosomes; gray, X chromosomes or regions proposed
to be derived from ancestral X chromosomes by [38].
For explanations see text.
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These species have two pairs of autosomes, and the females
have two but the males only one X chromosome. It is not
known how one X chromosome is lost in embryos that are
destined to becomemales. In contrast to these findings, Trian-
taphyllou and Moncol [38] found no karyotypic differences
between the two sexes in the soma of S. ransomi (a parasite
of swine) and in the soma and the germline of S. papillosus
(a parasite of sheep). Interestingly, these two species have
only two pairs of chromosomes, with one being considerably
longer than the other (Figure 1C). This led Triantaphyllou and
Moncol [38] to speculate that the longer chromosome is the
product of a fusion of the X chromosome with one of the auto-
somes. Contrary to Triantaphyllou and Moncol [38], Albertson
et al. [39] described a karyotypic difference between S. papil-
losus males and females, which is the result of a sex-specific
chromatin diminution event. According to these authors, an
internal portion of one of the two homologous larger chromo-
somes is eliminated in oocytes that are going to develop into
males. In consequence, females have two (one pair) large
and two (one pair) medium-sized chromosomes (2L2M), and
males have one large chromosome, three medium-sizedchromosomes, and one small chromosome
(1L3M1S) (Figure 1C), with the small chromo-
some and one of the medium-sized chromo-
somes being the remnants of the diminished
large chromosome. Albertson et al. [39] found
chromatin diminution to occur during the
single mitotic maturation division of the
oocyte, and they observed that on both homol-
ogous chromosomes the region undergoing
chromatin diminution takes on a beaded
appearance (Figure 2C) before it is eliminated
from one of the homologs.
The findings of both Triantaphyllou and
Moncol [38] and Albertson et al. [39] are
based solely on cytological observations. If
chromatin diminution indeed occurs, it should
result in a hemizygous region in S. papillosus
males, comparable to an XX/XO sex-deter-
mining system. Further, if the fusion hypoth-
esis is true, the hemizygous region in
S. papillosus males is expected to be homolo-
gous to the X chromosome in S. ratti.
Here we demonstrate sex-specific chro-
matin diminution in S. papillosus with the
methods of molecular genetics. We show that
the diminished region contains genes, ishomologous to the X chromosome in S. ratti, and is genetically
linked to sequences that correspond to chromosome number I
in S. ratti. These findings strongly support the chromosome
fusion hypothesis. Furthermore, we show that the genetic
consequences of chromatin diminution are not restricted to
the loci within the diminished region. Because only the intact
and not the diminished chromosome is present in mature
sperm, chromatin diminution also influences the paternal
inheritance of loci that are not diminished themselves but are
genetically linked with the diminished region, resulting in
a transmission ratio distortion.
Results
There Is Extensive Local Synteny between S. papillosus
and S. ratti
Wealigned 12 stretches ofS. ratti genomic sequence of known
chromosomal location (eight on the X chromosome, two on
chromosome I, and two on chromosome II [33]) to our
S. papillosus expressed sequence tag (EST) collection. In total,
we identified 65 ESTs or groups of overlapping ESTs, whichwe
considered homologous to regions of the S. ratti genomic
Figure 2. Chromosomes in S. papillosus
(A) Oocytes in the central part of the gonad of a parasitic
female. Four condensed chromosomes per nucleus
(arrow heads) are identifiable.
(B and C) Nuclei of oocytes located more proximal in the
gonad than the ones shown in (A), either without (B) or
with (C) abeadedappearanceof the two large (L) chromo-
somes; schematic representationswith oneof the L chro-
mosomes in white are shown in the bottom left corners.
(D and E) Karyotypes of early embryos produced by
parasitic mothers.
(D) Two L and two medium (M) chromosomes (2L2M).
(E) Karyotype after chromatin diminution with one L
(arrow), three M, and one small (S, arrowhead) chromo-
somes (1L3M1S); a schematic representation with the L
and one of the M chromosomes in white is shown in the
bottom left corner.
(F) Karyotype of an embryo produced by the free-living
generation (2L2M).
Scale bars represent 10 mm in (A) and 1 mm in (B)–(E).
Notice: the scale in (F) is different from (B)–(E).
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E-values of less than 220; for examples see Figure S1 avail-
able online). These alignments were distributed over a total
of 69.5 kb. We then used PCR and inverse PCR to test whether
loci corresponding to pairs of neighboring alignments inS. ratti
(in total 54) were also located in proximity to each other in
S. papillosus. For this analysis, we treated all nonoverlapping
ESTs as independent units. In some cases, neighboring
ESTs belonged to the same gene. For 48 of the 54 pairs, we
succeeded in determining the genomic sequence between
the ESTs. Except for one 1.5 kb indel, we found the spacing
of genomic sequences corresponding to the ESTs to be
approximately equal to that in S. ratti. Further, the genomic
sequence between the original BLAST alignments was also
easily alignable between the two species, and the order and
orientation of all putative genes in these regions was
conserved. Only in six cases (one for the X chromosomal
homologs and five for the autosomal ones) did we fail to bridge
alignments in S. papillosus that are neighbors in S. ratti. At
the moment, we do not know whether this reflects breaks in
synteny or merely technical difficulties. In either case, our
results suggest extensive local synteny between these two
species of Strongyloides.
Chromatin Diminution Occurs in S. papillosus in a Region
Homologous to the X Chromosome of S. ratti
Next, based on [33] and the synteny information presented
above, we isolated a total of 22 S. papillosusmolecular genetic
markers for whose S. ratti counterparts we knew the chromo-
somal location (nine on the X, six on chromosome I, seven on
chromosome II; Table 1). The corresponding loci are distrib-
uted along the chromosomes in S. ratti . First, we asked
whether the markers that are on the X chromosome in S. ratti
are present in one or in two copies in S. papillosus males.
Markers that are located in a region undergoing male-specific
chromatin diminution are expected to be hemizygous (exist in
only one copy) in males, and we should never find males that
are heterozygous at such loci. We genotyped individual
S. papillosus males and females at the different loci (Table
S1), and eight of the nine markers that correspond to S. ratti
X chromosomal loci but none of the 13 markers that corre-
spond to autosomal loci fulfilled this prediction (Table 1).
From now on, we refer to markers that are hemizygous in
males as ‘‘diminished markers.’’ The one marker thatcorresponds to an S. ratti X chromosomal marker but was
not diminished (ytP131) corresponds to ytP27, which is the
left-most marker on the current S. ratti genetic map [33].
In agreement with these findings and with Albertson et al.
[39], we found embryos with the 2L2M (Figure 2D) and
embryoswith the 1L3M1S (Figure 2E) karyotype in the progeny
of parasitic females, whereas in the all-female progeny of the
free-living generation only the 2L2M karyotype (Figure 2F)
was present. We also observed beaded chromosomes in the
germline of some parasitic females (Figure 2C). Albertson
et al. [39] identified these chromosomes as diminution inter-
mediates. To further confirm these results and to determine
which one of the two homologous chromosomes undergoes
chromatin diminution, we isolated individual parasitic females
from the small intestines of infected rabbits. These females
produced a small number of progeny outside the host, most
of which did not develop beyond young larval stages. There-
fore, sex could be morphologically and unambiguously
determined for only a relatively small number of larvae. We
genotyped the parasitic females at three diminished and three
nondiminished markers. From all mothers that were heterozy-
gous (informative) for at least one diminished and one nondi-
minishedmarker, we genotyped the progeny at the informative
loci (Table 2). All larvae were genotypically identical to their
mothers at all nondiminished markers, genetically confirming
that reproduction in the parasitic female of S. papillosus is
normally clonal. For the diminished markers, two classes of
larvae were found. One class was genotypically identical to
the respective mothers while the other class was monoallelic
for one of the two maternal alleles. All five larvae that had
been unambiguously identified as females belonged to the first
class, and all 25 larvae that had been unambiguously identified
asmales belonged to the second class. Of 13mothers with two
ormore sons (2.61 in average), 8 had both alleles of their dimin-
ished markers represented among the sons. This suggests
that which of the two homologous chromosomes undergoes
chromatin diminution is essentially random. From these
results, combined with the finding that the diminished markers
are genetically closely linked with each other (see below), we
conclude that S. papillosus males contain a hemizygous
region that is the result of sex-specific chromatin diminu-
tion, as had been suggested [39], and that this hemizygous
region is evolutionarily closely related to the X chromosome
in S. ratti.
Table 1. Evolutionary Relationship of S. ratti and S. papillosus Chromosomal Regions
Marker in S. rattia Position in S. rattia Marker in S. papillosus LG in S. papillosusb Diminished in S. papillosusc Corresponding C. elegans Genea
ytP67 X (3.5) ytP86 I yes cam-1 II
ytP71 X (0.0) ytP83 I yes -
ytP66 X (0.0) ytP84 I yes -
ytP52 X (0.0) ytP50 I yes twk-43 V
ytP102 X (0.0) ytP133 I yes dop-4 X
ytP103 X (0.0) ytP134 I yes F15A8.7 X
ytP53 X (-7.2) ytP51 I yes -
ytP104 X (-10.8) ytP135 I yes sax-1 X
ytP27* X (-10.8) ytP131 II no tli-1 I
ytP111 I (16.6) ytP130 I no -
ytP97 I (14.6) ytP3 I no catp-1 I
ytP38 I (4.3) ytP128 I no mom-1 X
ytP79 I (-4.0) ytP5d - no unc-70 V
ytP33 I (-20.5) ytP129 I no cas-1 X
ytP136 I (>4.3)e ytP44 I no -
ytP110 II (20.3) ytP1 II no -
ytP72 II (16.1) ytP127 II no F42A10.7 III
ytP92 II (0.0) ytP46 II no vps-16 III
ytP93 II (-4.1) ytP11 II no -
ytP94 II (-14.5) ytP12 II no T08B2.7 I
ytP76 II (-16.5) ytP126 II no ptp-1 III
ytP19 II (-18.5) ytP14 II no F32B6.2 IV
The asterisk indicates the only X chromosomal S. ratti marker with a nondiminished homolog in S. papillosus.
a Information taken from [33].
b c.f., Table S2.
c c.f., Table S1.
d The number of informative animals was to small to determine linkage.
eMarker not part of the published genetic linkage map of S. ratti; it maps to chromosome I to the right (positive numbers) of ytP38.
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Undergoing Chromatin Diminution Are Homologous
to Chromosome I of S. ratti
We analyzed the genetic linkage of markers in S. papillosus
(see Experimental Procedures for details). Markers whose
S. ratti counterparts are located on chromosome I turned out
to be genetically linked in S. papillosus as well (Table 1;
Table S2). Furthermore, they are also linked to the markers in
the diminished region (Table 1; Table S2). Interestingly, the
markers corresponding to S. ratti chromosome I formed two
subgroups on either side of the eliminated region (Table S3),
suggesting that in evolution, the X chromosome has inserted
into chromosome I (Figure 3). S. papillosus markers corre-
sponding to chromosome II of S. ratti are also linked in
S. papillosus (Table 1; Table S2). These markers appear
unlinked to the diminished region and therefore most probablyTable 2. Analysis of the Progeny of Individual Parasitic Females
Offspring
Monoallelic
Marker het P-fem Total Confirmed Females Confir
Diminished ytP50 18 42 0 15
ytP51 38 82 0 25
ytP83 18 44 0 15
any 38 82 0 25
Nondiminished ytP44 31 62 0 0
ytP46 23 60 0 0
ytP48 19 37 0 0
any 38 82 0 0
Parasitic females were isolated from rabbit intestines and allowed to produce
then genotyped at the three nondiminished markers indicated. If they were hete
diminished markers and their progeny was genotyped at all six loci. het P-fem
marker indicated. any: number of animals informative for any of the three marrepresent the medium-sized chromosome. The only X-linked
marker in S. ratti that is not diminished in S. papillosus also
maps to this chromosome (Table 1; Table S2), indicating
a chromosomal translocation event that may have occurred
in the predecessor of either S. papillosus or S. ratti (Figure 3).
Nonmendelian Paternal Inheritance of Certain Markers
in S. papillosus
When we analyzed the inheritance of genetic markers in
S. papillosus, for some markers, we noticed a striking devia-
tion from the expected proportions of genotypes in the F1
generation. Although some markers followed the Mendelian
rules of inheritance (see for example ytP1 in Tables 3 and 4),
for others some of the expected genotypes were underrepre-
sented or absent altogether (see for example ytP15 in Tables 3
and 4). Upon closer inspection of the crosses, we noticed thatHeterozygous
med Males Total Confirmed Females Confirmed Males Total
24 3 0 18
51 5 0 31
27 3 0 17
51 5 0 31
0 2 18 62
0 5 17 60
0 0 19 37
0 5 25 82
progeny. First, the females were genotyped at ytP51. Heterozygotes were
rozygous at at least one of them, they were genotyped at the two additional
: number of parasitic females that were informative (heterozygous) at the
kers in the respective category.
Figure 3. Model for the Evolutionary Relationship
between S. papillosus and S. ratti Chromosomes
Black, autosomes (in S. ratti) or regions evolutionarily
related to S. ratti autosomes (in S. papillosus); gray,
X chromosome (in S. ratti) or regions evolutionarily
related to the S. ratti X chromosome (in S. papillosus).
*We cannot exclude the possibility that the portion of
the M chromosome that is related to the S. ratti X is
located within the chromosome and not at the edge as
shown here. See also Table S3, Figure S1.
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only one of their two alleles to the next generation (Table 3,
Figure 4). Among different males with the same genotype,
the transmitted allele varied, indicating that the ratio-deter-
mining factor is not the allele itself.
Sperm with the Nonpropagated Allele Are Not Formed
The exclusion of the alleles that do not appear in the F1 gener-
ation could occur at various steps. Carriers of these alleles
might die as embryos and therefore never reach the stage
we used for genotyping. Alternatively, zygotes with these
alleles might never be formed because sperm carrying them
are inefficient or incapable of fertilizing oocytes or because
spermwith these alleles do not exist. To address this question,
we isolated mature sperm from individual males and geno-
typed both the male and its mature sperm for the two most
strongly biasedmarkers, ytP15 and ytP44. All 12males hetero-
zygous at ytP44 had only one allele represented in the mature
sperm. In the sperm of 31 of the 32 males heterozygous atTable 3. Paternal Transmission Ration Distortion for Certain Markers
Marker
ytP1 ytP15 ytP44 ytP51a
Genotype female 1/2 2/3 1/3 1/3
Genotype male 1/3 1/2 2/3 3/0
Genotypes offspringb
(total 16)
1/1 3 2/1 0 1/2 0 1/3 9
1/3 5 2/2 8 1/3 8 3/3 7
2/1 3 3/1 0 3/2 0
2/3 5 3/2 8 3/3 8
Female passed on
allele numberc
1 8 2 8 1 8 1 9
2 8 3 8 3 8 3 7
Male passed on
allele numberc
1 6 1 0 2 0 3 16
3 10 2 16 3 16
One selected cross with all parents and offspring genotyped at four different
markers. At ytP1 all genotypes expected based on the Mendelian rules are
present among the progeny; at ytP15 and ytP44 some genotypes are
missing. Notations of the form x/y represent genotypes at the respective
marker with x and y being the allele numbers.
a ytP51 is a diminished marker, and therefore the males are hemizygous
(indicated by ‘‘0’’ in the genotype).
b The maternally derived allele is listed first; the numbers to the right of the
genotypes indicate the number of individuals found with the particular
genotype.
c The numbers to the right of the allele number indicate the number of
progeny that received this allele from the respective parent.
Table 4. Exclusion
Markers
Cro
Marker ytP
Female 1/2
Male 1/3
Offspringa 1/1
1/2
1/3
2/3
Spermb 1+3
Both parents, mat
genotyped for ytP
biased paternal inh
did not pass on the
the form x/y repre
being the allele nu
a The maternally d
genotypes indicat
genotype.
b Indicated are the
from the male.ytP15, we found only one allele. In one animal
we could detect both alleles. We interpret
this as either the result of a rare crossing-
over event, which led to the presence of the
second allele, or as a contamination with
somatic tissue. For nonbiased markers, which
were used as controls, both alleles were repre-
sented in the sperm.To further confirm this, we set up crosses and isolated the
sperm after mating had occurred. We determined the geno-
types of the progeny, the female, the male, and the male’s
sperm. Table 4 shows two examples where the nonbiased
marker ytP1 and the strongly biased marker ytP15 were infor-
mative. Although ytP1 followed the Mendelian rules and both
alleles were present in the sperm, for ytP15 only one allele
was detected in the sperm and this was indeed the allele
that was passed on to the progeny. These results clearly
show that the exclusion of alleles occurs before or during
sperm maturation.
The Markers with Biased Paternal Inheritance Are Tightly
Linked with the Diminished Markers
We found the markers with biased paternal inheritance to be
closely linked with each other and with the diminished
markers (Table 1; Table S2). Markers not showing the bias
are not linked with either the diminished or the biased markers
but frequently showed linkage to each other. Interestingly, all
markers in the eliminated region appeared perfectly linked
even in females, indicating that little, if any, recombination
occurs in this region even during female meiosis. In general,of One Paternal Allele from Mature Sperm for Certain
ss 1 Cross 2
1 ytP15 ytP1 ytP15
1/1 1/2 1/2
1/3 1/3 1/2
6 1/1 0 1/1 7 1/1 0
12 1/3 32 1/2 5 1/2 7
10 1/3 4 2/2 11
5 2/3 3
3 1+3 2
ure sperm isolated after mating, and all progeny were
1 (nonbiased paternal inheritance) and ytP15 (strongly
eritance). Two exemplary crosses are shown. The males
ir alleles ytP15(1) and ytP15(2), respectively. Notations of
sent genotypes at the respective marker, with x and y
mbers.
erived allele is listed first; the numbers to the right of the
e the number of individuals found with the particular
alleles detected within the total mature sperm isolated
Figure 4. Paternal Transmission Ratio Distortion
The transmission to the progeny of the two alleles at particular loci (markers) by females and males was analyzed. Only crosses for which for every larva it
could be unambiguously determined which allele came from the mother (for female transmission) or the father (for male transmission) were considered. It
was assumed that the two alleles at a particular locus are transmitted with the frequencies a (a% 0.5) and 1-a and that animals with identical genotypes vary
in which allele they transmit with frequency a. If both alleles are transmitted equally, a equals 0.5; if one allele is not transmitted at all, a equals 0. For each
point on the X axis, the probability that a is X or smaller (cumulative probability), given the data, was estimated (for details see Experimental Procedures) and
plotted on the y axis. In brackets is the number of progeny the analysis is based on. nnonbiased marker; bbiased marker; ddiminished marker; na, not
applicable, these markers are hemizygous in males and the males pass on their only allele to all progeny.
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males.
A Model for Inheritance in S. papillosus
Based on the results presented above and the fact that all
progeny of the free-living generation are of the 2L2M geno-
type, we propose the following model for inheritance in the
free-living generation of S. papillosus (Figure 5): The female
undergoes standard meiosis leading to equal representation
of all alleles in the oocytes. In males, only the intact L chromo-
some is incorporated into mature sperm along with either oneof the two original M chromosomes. In consequence, for
genes that are closely linked with the eliminated region, alleles
on the L chromosome are preferentially included in the sperm
whereas the alleles on the new M and the S chromosomes are
discarded. The further away a gene is from the diminished
region, the smaller the bias would be expected to be, resulting
from a higher number of recombinants. This indeed seems to
be the case (see Figure 4 for bias and Table S3 for order;
compare markers ytP130 [distant] and ytP44 [close] on one
side of the diminished region and ytP128 [close] and ytP129
[distant] on the other side). Finally, genes located on the M
Figure 5. Model for Inheritance in S. papillosus
Homologous chromosomes are represented in dark and
light. On the large chromosome the region undergoing
chromatin diminution in males is lighter than the nondi-
minished regions. Pairs of capital and small letters
represent different alleles at the same locus. Alleles in
bold are transmitted to the next generation; alleles in
nonbold black are present but not transmitted to the
next generation; alleles in gray were eliminated by chro-
matin diminution. In males both original M chromosomes
but only the intact L chromosome are incorporated into
sperm. Therefore, alleles d and e are excluded from the
progeny. Markers located between the top of the chro-
mosome and D/d and between E/e and the bottom of
the chromosome are propagated with a bias decreasing
toward the tips of the chromosome resulting from
recombination.
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Mendelian rules.
If this model is correct, then for biased markers males
should pass on the alleles that are located on the L chromo-
some. To test this, we generated an isofemale line (QA632) in
a lamb and maintained it in rabbits. To confirm genetic unifor-
mity within the line, we genotyped 36 individuals at four
different loci. QA632 was heterozygous for the alleles 1 and 3
at marker ytP51 (diminished) and alleles 1 and 2 at marker
ytP15 (biased). We crossed individual females and males and
genotyped the parents and the progeny (Table 5). In the parent
generation, ytP51(1) and ytP15(1) must have been situated on
one of the homologous chromosomes and ytP51(3) and ytP15
(2) on the other. If the male had retained and consequentiallyTable 5. At Biased Markers Males Pass on the Allele on the
Nondiminished Chromosome
Genotype at
ytP51 (Diminished) ytP15 (Biased)
Females 1/3 1/2
Males 1/0 1/2
22 Larvae 1/1 1/1
18 Larvae 3/1 2/1
Females 1/3 1/2
Males 3/0 1/2
11 Larvae 1/3 1/2
13 Larvae 3/3 2/2
2 Larvaea 3/3 1/2
Individual females and males of the isofemale line QA632 were crossed.
Notations of the form x/y represent genotypes with x and y being the allele
numbers. The crosses with males that had retained the same allele at ytP51
were pooled for analysis (three crosses with ytP51(1), upper half of table;
two crosses with ytP51(3), lower half). The number in front of ‘‘larvae’’ indi-
cates the observed number of larvae with the particular genotype. Geno-
types not listed here were not observed. ‘‘0’’ indicates that these males
were hemizygous at this position. Except for the two larvae in the bottom
row, the alleles ytP51(1) and ytP15(1)were inherited together and the alleles
ytP51(3) and ytP15(2) were inherited together. Therefore, in the parent
generation, ytP51(1) and ytP15(1) must have been located on one of the
homologous chromosomes and ytP51(3) and ytP15(2) on the other one.
a These larvae weremost probably the product of recombination events that
occurred in either the male or the female.passed on to the progeny allele ytP51(1), ytP15 was strongly
biased toward allele number 1, whereas if the male retained
ytP51(3), the bias at yt15was in favor of allele number 2. These
findings indicate that for biased markers, males pass on
preferentially the allele located on the intact L homolog, as
our model predicts.Discussion
Although chromatin diminution in nematodes was described
as a cytological phenomenon more than 120 years ago [40],
little is known about the nature of the eliminated material and
the biological function of this phenomenon. In ascarids, where
it is best studied, it appears that most eliminated material is
noncoding [3, 6, 7, 41]. Here we demonstrate that, in contrast
to ascarids, the region undergoing chromatin diminution in
S. papillosus contains a large number of genes. Further differ-
ences between these two taxa of parasitic nematodes are that
chromatin diminution in S. papillosus creates a difference
between the sexes and not between the germline and the
soma, and that in S. papillosus genetic material is removed
from only one and not both homologous chromosomes.
Our results support the hypothesis originally proposed by
Triantaphyllou and Moncol [38] that in the evolutionary path
that led to S. papillosus the X chromosome was fused to an
autosome, creating the large chromosome. Our data indicate
that the X chromosome integrated into the autosome that
corresponded to chromosome number I of S. ratti, forming
the L chromosome. The M chromosome is homologous to
S. ratti chromosome II (Figure 3). Strictly speaking, we cannot
determine which chromosomal configuration is ancestral,
because S. ratti and S. stercoralis are more closely related to
each other than to S. papillosus [42] (Figure 1B). It would be
interesting to know the sex-determining system of the
relatively close relativeParastrongyloides trichosuri, a parasite
of Australian possums. Although P. trichosuri has been
established as a laboratory system [31], its sex-determining
mechanism has not been reported yet. Preliminary observa-
tions indicate thatP. trichosuri females have six chromosomes
while males have only five (L.N., A. Kulkarni, and A.S., unpub-
lished observation). Further, XX/XO sex-determining systems
are very common in nematodes [11]. Therefore, it is likely
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chromatin diminution restores the hemizygous region corre-
sponding to the ancestral X chromosome.
A further consequence of the fusion event appears to be
a male transmission ratio distortion for the functionally
autosomal regions of the L chromosome. In the most extreme
cases (Tables 3 and 4, Figure 4), one allele present in a male is
virtually excluded from propagation to the next generation
while the other allele is passed on to all progeny. At first sight
this may look like an altruistic behavior on the part of the non-
propagated allele that should be selected against. However, if
analyzed from the point of view of the same two alleles in the
parasitic mothers of the males in question, the problem does
not arise as long as chromatin diminution and exclusion from
inheritance occurs on both homologous chromosomes with
equal frequency. In this case, as in a conventional system,
each one of the two alleles is present in 50% of the sperm
ultimately produced by a parasitic female through its sons.
The different chromosomal configurations within the genus
Strongyloides are very interesting because they might repre-
sent different steps in an evolutionary transition from an XX/
XO genetic sex-determining system to an environmental sex
determination system that no longer uses sex chromosomes.
Below, a possible evolutionary scenario for such a transition
is outlined. It is highly speculative and in several places the
order of events might well have been different: A nonparasitic
ancestor of Strongyloides sp. employed XX/XO genetic sex
determination as it is very common among nematodes [11].
This nematode was able to form so-called dauer stages, an
alternative third juvenile stage specialized for survival under
poor environmental conditions thatwas proposed to represent
a preadaptation for the evolution of parasitism [43]. The pres-
ence of the dauer stage allowed the evolution of a parasitic
life cycle that coexisted along with the ancestral nondauer
free-living life cycle [44]. This situation still exists today in
P. trichosuri [31]. Later, probably in response to the parasitic
life style, reproduction in the parasitic generation became
parthenogenetic and sex determination switched from genetic
to environmental to allow the worm to adjust to host factors
such as the immune response. The new mechanism acted by
controlling the number of X chromosomes. This way, the
worm still used the ancestral molecular machinery for sex
determination, but with an additional regulatory step at the
top of the cascade. This is in agreement with the bottom-up
hypothesis for the evolution of sex-determining pathways
[45]. For the X chromosome, this meant that it was no longer
sex determining but became part of the regulatory cascade
that interpreted the new sex-determining signal. Today, we
find such a situation in S. ratti and S. stercoralis. In a next
step, the X chromosome fusedwith the autosome correspond-
ing to chromosome I of S. ratti, and chromatin diminution
arose to functionally reconstitute the ancestral environmen-
tally controlled XX/XO sex-determining system. This is the
system we describe in this publication for S. papillosus. One
could consider this situation to be a neoXneoX/neoX2neoY
system. However, the two neoY chromosomes would never
be inherited but are formed de novo from either one of the
two maternal X chromosomes in every individual that is
destined to develop into a male. Finally, physical removal of
one copy of the X-derived sequences in males was aban-
doned, leading to a species with males and females with equal
chromosome complements as Triantaphyllou and Moncol [38]
proposed for S. papillosus. At the moment we do not know
whether such species of Strongyloides exist. Given thetaxonomical difficulties existing in Strongyloides spp. [16, 46,
47], it is well possible that Triantaphyllou and Moncol [38]
studied a species different from our lab isolate of S. papillosus
that indeed has no karyotypic differences between the sexes.
Conclusions and Open Questions
In the light of our new findings and the published literature, we
propose the following to be the normal modes of reproduction
inS. papillosus. The parasitic female produces female progeny
by mitotic parthenogenesis. Therefore, all daughters of a
parasitic mother are genetically identical to her and, as a
consequence, homogonic reproduction is purely clonal. In
oocytes that are destined to becomemales, an internal portion
of one of the two L chromosomes is eliminated in a sex-
specific chromatin diminution event. This portion is homolo-
gous to the X chromosome of S. ratti such that chromatin
diminution appears to functionally restore the XX/XO sex-
determining system present in S. ratti and S. stercoralis.
Chromatin diminution can occur on either one of the L chromo-
somes and the sons of onemother can vary with respect to the
copy they retain. The free-living generation reproduces sexu-
ally, and females undergo a standard meiosis, leading to equal
representation of their alleles in the gametes. In males, some
sort of meiosis with crossing-over in the diploid regions
occurs. However, in the end, only the intact L chromosome
is incorporated into mature sperm along with either one of
the two original M chromosomes. As a direct consequence,
for loci that are closely linked with the diminished region,
alleles residing on the intact L chromosome are overrepre-
sented in mature sperm. As a result, progeny of the free-living
generation will consist entirely of females with the karyotype
2M2L and the biased paternal inheritance.
Several interesting questions remain open.
(1) The molecular mechanisms employed to specify the
regions to be eliminated, to fragment the chromatin, and to
prevent the eliminated material from attaching to the division
spindle remain completely unknown. From an evolutionary
point of view, it will be most interesting to see whether the
same, as yet unknown, molecular mechanism that eliminates
one X chromosome in S. ratti is also responsible for chromatin
diminution in S. papillosus, or whether an independent
machinery was recruited to perform this task.
(2) We do not know the mechanism ensuring that only the
intact L chromosome is incorporated into mature sperm,
thereby leading to cytologically female (2L2M) progeny only.
(3) Nothing is known about how S. papillosus and other
species of Strongyloides compensate for the gene dose differ-
ence between the sexes, if they indeed do so.
(4) Several of the Strongyloides genes in the diminished
region or the X chromosome have clear C. elegans orthologs
(Table 1; Figure S1) [33]. These C. elegans genes are distrib-
uted over all six chromosomes. This is not surprising, given
the very long time of evolutionary separation [48] during which
many genes might have changed their chromosomal location.
This leads to two mutually exclusive hypotheses about the
evolution of the X chromosomes, and at present we cannot
discriminate between these. Either both X chromosomes
are descendants of the same ancestral X chromosome and
have changed beyond the point of recognition or they arose
independently.
Experimental Procedures
For detailed methods see Supplemental Information.
Chromatin Diminution in Strongyloides
1695S. papillosus Isolates
Unless stated differently all experiments were done with the isolate Lin
[42, 47]. Isofemale line QA362 was derived from Lin trough infection of a
lamb with a single infective larva.
Culturing and Manipulating S. papillosus
S. papillosus was maintained in rabbits (New Zealand White, purchased
from Charles River and outbred rabbits from the institute’s own breeding
facility) or sheep and cultured and manipulated as described [42]. In all
experiments, the national ethics guidelines for animal experimentation
were observed and all necessary permits are available.
S. papillosus Sequences
S. papillosus-expressed sequence tag (EST) sequences were generated on
our request by the Genome Sequencing Center at Washington University in
St. Louis, MO. Fragments of S. papillosus genomic sequence were obtained
by sequencing random clones from genomic libraries.
DNA fragments homologous to known markers in S. rattiwere isolated by
BLAST searching the ESTs or by degenerate PCR. If necessary, flanking
sequence was obtained by inverse PCR or, if multiple S. papillosus ESTs
aligned with a particular fragment of S. ratti sequence, by PCR followed
by sequencing.
Generation of Molecular Markers
Molecular markers were generated as described [33, 42]. A complete list of
primers is available upon request.
Single-Worm Lysis and Genotyping
Genotyping of individual worms was done as described [33, 42].
Isolation of Parasitic Females and Their Offspring
Rabbits were infected with 2000–4000 L3i and sacrificed 15–50 days after
infection. The parasitic females were isolated from the small intestines
and either processed for light microscopy or put onto NGM plates seeded
with a small amount of E. coli OP50 [49]. The plates were incubated
at 37C for 12 hr to allow the parasitic females to lay eggs followed by an
incubation for 2 days at 25C to allow the larvae to develop.
Isolation of Embryos
From Feces
Freshly deposited rabbit feces were mixed with a saturated NaCl solution.
The mixture was poured through a 150 mm mesh sieve into a flat dish. After
10 min the embryos were taken up from the surface with a Whatman no1
filter paper and rinsed with water into a Petri dish. The embryos were fixed
with ice-coldmethanol to stop development and processed formicroscopy.
From Free-Living Females
Gravid adult females were cut in half to release the embryos. Embryos
in early stages of development (less than 32 cells) were collected and
processed for microscopy.
Preparation for Microscopy
Embryos were transferred onto polylysin-coated slides, fixed with 4%
formaldehyde, freeze cracked, and fixed with ice-cold methanol followed
by rehydration in PBS. The slides were air-dried. Then 10 ml Vectashield
(Vector Laboratories Inc.) supplemented with 1 mg/ml DAPI (40,6-diami-
dino-2-phenylindole) were added and the samples covered with a coverslip.
Parasitic females were fixed with ice-cold methanol, rehydrated through
a methanol/PBS concentration series, and mounted on polylysine-coated
slides in 10 ml of Vectashield containing 1 mg/ml DAPI.
Isolation and Genotyping of Mature Sperm
Individual males were transferred into 4 ml of 0.5 mg/l levamisole (Sigma
Aldrich) and incubated at RT for 30 min. Then the males were removed
from the reaction tube and the sperm and the males were lysed and
genotyped.
Linkage Analysis
Linkage was accessed by pairwise comparison of markers. All crosses that
were informative for both markers in question and contained at least
10 progeny were analyzed. Markers were considered linked if 20% or less
of the progeny were recombinants.Statistical Evaluation of Transmission Ratios
Bayesian inference was applied to determine potential differences between
female and male transmission of alleles A and a. Cumulative distributions
were calculated as described in Supplemental Information. A cumulative
distribution value P(x) indicates the probability that the correct value of
alpha is smaller x Prob(alpha < x).
Accession Numbers
The marker sequences have been submitted to GenBank (accession
numbers HM629741–HM629791).
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, one figure, and three tables and can be found with this article online
at doi:10.1016/j.cub.2010.08.014.
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